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ABSTRACT
The energy output (per logarithmic interval of particle energies) of Cosmic Rays (CRs) with en-
ergies 10 GeV . εp . 100 GeV is ∼ 10
47 erg per solar mass of star−formation, based on the
CR production rate in the Milky Way and in starburst galaxies, implying a generation rate of
ε2
p
Q ∼ 1045 erg Mpc−3 yr−1 in the local universe. It is only ∼ 10 times larger than the out-
put, ε2
p
Q = 0.5 ± 0.2 × 1044 erg Mpc−3 yr−1, of Ultra High Energy CRs (UHECRs) at ener-
gies 1010.5 GeV < εp < 10
12 GeV (obtained assuming they are mostly protons), which in turn
is comparable to the lower limit of ε2
p
Q ≥ 0.5 × 1044 erg Mpc−3 yr−1 of high energy CRs with
106 GeV . εp . 10
8 GeV implied by the saturation of the Waxman-Bahcall bound by the neu-
trino excess recently discovered by IceCube. These similarities are consistent with a flat production
spectrum, ε2
p
Q ∼ const for CRs at all observed energies. If a flat production spectrum is generated by
our galaxy, the observed CR flux in the range 106.5−109.5 GeV, above the ”knee”, is suppressed com-
pared to lower energies due to propagation effects rather than acceleration upper limits. As suggested
by Parizot and Aublin, the most exciting possibility is that cosmic rays at all energies are emitted
from a single type of (unknown) sources, which can not be supernova remnants.
Subject headings: cosmic rays
1. INTRODUCTION
The origin of the observed Cosmic Rays (CRs) at dif-
ferent energies is still unknown (see Blandford & Eichler
1987; Axford 1994; Nagano & Watson 2000; Helder et al.
2012; Lemoine 2013, for reviews). The energy density
(per logarithmic particle energy) changes by about 8 or-
ders of magnitudes across the observed particle energy
range of 109eV − 1020eV. The cosmic ray spectrum
steepens around ∼ 5× 1015 eV (the “knee”) and flattens
around 5 × 1018 eV (the “ankle”). Below the knee the
cosmic rays are thought to originate from Galactic super-
novae. Above the ankle, the so called Ultra High Energy
CRs (UHECRs) are believed to be of extra-Galactic (XG)
origin since they cannont be confined by the galactic
magnetic field and their measured flux is nearly isotropic.
In this letter we use current data to estimate the pro-
duction rate of CRs in the local universe at the differ-
ent energies and show that CRs of all observed energies
may be produced with a universal flat energy produc-
tion spectrum ε2
p
dn˙/dεp ∼ const. A softer universal
production spectrum was suggested by Parizot (2005);
Aublin & et al. (2005) with a production rate of low en-
ergy CRs which is 1000 times larger than UHECRs. We
resolve the differences and show that the softer spectrum
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found by these authors is due to over(under)estimates of
the energy production rates at low(high) energy.
2. ENERGY PRODUCTION RATES AT LOW,
INTERMEDIATE AND ULTRA-HIGH ENERGIES
If CRs at all energies are produced in galaxies, the
observed flux of CRs at low energies is enhanced by sev-
eral orders of magnitude due to the confinement of these
CRs in our galaxy (Loeb & Waxman 2002) and the CR
production spectrum is much harder than the observed
spectrum. We next provide estimates for the production
of CRs at the different energies for which we have reliable
constraints. The estimates are summarized in figure 1.
2.1. UHE energies, εp ∼ 10
19 − 1021eV
Consider first the energy production of the highest en-
ergy cosmic rays, εp ∼ 10
19 − 1021eV. The distance of
the extra-galactic sources of the observed CRs in this
range is limited by propagation losses due to the interac-
tion with the inter-galactic radiation field. The composi-
tion is controversial, with air-shower data from the Fly’s
Eye, HiRes and Telescope Array observatories suggest-
ing a proton dominated composition (Bird et al. 1993;
Abbasi et al. 2010; Sagawa 2011) while the Pierre Auger
Observatory suggesting a transition to heavy elements
above 1019eV (Abraham et al. 2010). Due to this dis-
crepancy, and due to the experimental and theoretical
uncertainties in the relevant high energy particle inter-
action cross sections used for modeling the shape of the
air showers, it is impossible to draw a definite conclu-
sion regarding composition based on air-shower data at
this time. It should be noted that the anisotropy sig-
nal measured at high energies, combined with the ab-
sence of this signal at low energies, is an indication for
a proton dominated composition at the highest energy
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Fig. 1.— Constraints on the energy production rate density of
cosmic-rays (CRs) in the local universe (per logarithmic unit of
particle energy). The production of CRs with ε ∼ 1010−11eV
(shaded area) is estimated in Eqs. (5) and (7) based on the pro-
duction in our galaxy and in starbursts galaxies, assuming it fol-
lows the star formation rate (SFR). The lower bound on CRs with
ε ∼ 1015−17eV is obtained using Eq. (3) from the neutrino flux
detected by Icecube which is assumed to be extra galactic. The pro-
duction of Ultra-high-energy CRs (UHECRs) with ε ∼ 1019−20eV
(solid line) is based on the observed flux of these CRs, assuming
they are mainly protons and taking into account the interactions
with the Cosmic-Microwave-Background (CMB) and is given in
Eq. (1).
(Lemoine & Waxman 2009; Liu et al. 2013). However,
the anisotropy signal is so far identified with only a ∼ 2σ
confidence level (see e.g. Waxman 2011; Lemoine 2013,
for recent discussions). Below we assume that protons
have a significant contribution to the flux and provide
a quantitative estimate for their production under this
assumption.
The energy production rate of UHECRs in the
range 1019.2eV < εp < 10
20eV is (Waxman 1995;
Bahcall & Waxman 2003; Katz et al. 2009)
ε2
p
Q(30EeV) ∼ ε2
p
dn
dεp
/teff ∼ 0.5× 10
44 erg Mpc−3 yr−1
(1)
where ε2
p
dn/dεp is the energy density of observed CRs
per logarithmic particle energy and teff is the effective
time that the UHECRs propagate before losing energy.
In the range 1019.2eV < εp < 10
19.6eV, the effective time
is approximately constant and is well approximated by
(Katz et al. 2009)
teff ≈ (α− 1)(τ
−1
0,ep + 2H0)
−1 ≈ 2.5× 109 yr, (2)
where H0 ≈ (14 × 10
9 yr)−1 is the Hubble constant,
τ−10,ep = ε˙p/εp ≈ (4 × 10
9 yr)−1 is the energy loss rate
of CRs due to pair production interactions with the
Cosmic Microwave Background (CMB) and α ≈ 2 is
the CR generation spectral index Q ∝ ε−α
p
. The ob-
served flux at εp = 10
19.5eV is roughly ε2
p
dn/dεp ≈
10−20.3 erg cm−3 (e.g. Katz et al. 2009, and references
therein), leading to Eq. (1). Beyond 1019.6eV, the
effective time drops quickly with energy due to pion
production (Greisen 1966; Zatsepin & Kuz’min 1966).
This predicted Greisen-Zatsepin-Kuzmin (GZK) cutoff
is clearly observed in the flux (e.g. Bahcall & Waxman
2003; Abbasi et al. 2008; Abraham et al. 2008) and the
inferred generation rate is roughly constant to at least
1020eV(e.g. Bahcall & Waxman 2003; Katz et al. 2009),
beyond which the flux is poorly measured.
The rate estimate, Eq. (1), is based on the direct mea-
surement of UHECRs and the well understood physics
of proton-CMB interaction and is accurate (to ∼ 30%)
as long as the composition is dominated by protons. If
the composition is dominated by heavier nuclei (up to
iron), the energy generation rate at εp ∼ 10
19.5eV may
change by a factor of ∼ few (given the similarity of the
attenuation lengths of nuclei and protons, see e.g. figure
2 in Allard 2012).
2.2. Intermediate energies, 1015eV . εp . 10
18eV
The recent detection of high energy neutrinos by the
IceCube collaboration (Kopper et al. 2013; Laha et al.
2013), implies a lower limit on the energy production of
the CRs which produce these neutrinos. We next briefly
describe this constraint. For a more detailed discussion,
see (Spector et al. 2013).
The IceCube collaboration has recently reported the
detection of 26 neutrinos in the energy range of 50 TeV
to 2 PeV, which constitutes a 4σ excess above the
expected atmospheric neutrino and muon backgrounds
(Kopper et al. 2013). The excess neutrino spectrum is
consistent with dn/dεν ∝ ε
−2
ν
, its angular distribution
is consistent with isotropy, and its flavor ratio is con-
sistent with νe : νµ : ντ = 1 : 1 : 1. We stress that
the spectral shape, angular distribution and composi-
tion are currently poorly constrained due to the low
statistics. The best fit normalization of the intensity
is ε2
ν
Φν = 3.6 ± 1.2 × 10
−8GeV/cm2s sr, coinciding (in
normalization and spectrum) with the Waxman-Bahcall
(WB) bound on the neutrino intensity that may be
produced by extra-Galactic sources (Waxman & Bahcall
1999),
ε2
ν
ΦWB, all flavor = 3.4× 10
−8 GeV
cm2s sr
×
ξz
3
(ε2
p
Q)z=0
0.5× 1044 erg Mpc−3 yr−1
(3)
where ε2
p
Q is the UHECR proton production rate, and
ξz is (a dimensionless parameter) of order unity, which
depends on the redshift evolution of ε2
p
Q. The value ξz =
3 is obtained for redshift evolution following that of the
star-formation rate or AGN luminosity density, Φ(z) =
(1 + z)3 up to z = 2 and constant at higher z (ξz = 0.6
for no evolution).
The neutrino excess cannot originate from interac-
tion of cosmic-ray protons with interstellar gas in the
Galaxy, which produces an average (over angles) inten-
sity of ≈ 10−9(ε/100TeV)−0.7GeV/cm2s sr (based on the
Fermi determination of the pi0 decay intensity at 100 GeV
(Ackermann et al. 2012) and the Galactic CR spectrum
ε2dn/dε ∝ ε−0.7). It is also unlikely to be due to
(unknown) Galactic sources, which are expected to be
3strongly concentrated along the galactic disk. The coin-
cidence with the WB flux also suggests an extra-Galactic
origin. Note, that a νe : νµ : ντ = 1 : 1 : 1 flavor ratio is
consistent with that expected for neutrinos originating
from pion decay in cosmologically distant sources, for
which oscillations modify the original 1 : 2 : 0 ratio to a
1 : 1 : 1 ratio (Learned & Pakvasa 1995; Athar 2006).
The IceCube excess neutrinos are likely produced by
interactions of high energy CR protons with protons or
photons, or of high energy CR nuclei with protons, which
produce pions that decay to produce neutrinos. As-
suming that the neutrino excess is due to extra-Galactic
sources, a lower limit of ε2
p
Q ≥ 0.5×1044 erg Mpc−3 yr−1
on the local, z = 0, CR production rate is implied.
This is due to the fact that the upper bound is ob-
tained by assuming that CR protons are produced at
this rate and lose all their energy to pion production.
Note, that the limit obtained for nuclei is similar, since
photo-disintegration does not reduce significantly the en-
ergy per nucleon. The CR energy range correspond-
ing to the energy range of the observed neutrinos is
≈ 1A − 100A PeV, where A is the atomic number of
the CRs (Spector et al. 2013). We note that the ob-
served cutoff in the neutrino spectrum above a few PeV
(Kopper et al. 2013; Laha et al. 2013) may be due to ef-
ficient escape of the CRs from the environments in which
they produce the pions and need not imply a cutoff
in the CR production spectrum (as suggested, e.g., by
Loeb & Waxman 2006, for sources residing in starburst
galaxies).
The coincidence of the observed neutrino flux and
spectrum with the WB bound flux and spectrum is
unlikely a chance coincidence. The observed neutri-
nos may be produced by sources with ε2
p
Q ∼ 0.5 ×
1044 erg Mpc−3 yr−1 and in which CRs lose most of their
energy to pion production, or by sources with ε2
p
Q ≫
0.5 × 1044 erg Mpc−3 yr−1 and in which CRs lose only
a small fraction of their energy to pion production. In
the latter case, the small energy loss fraction should com-
pensate the large energy production rate to reproduce the
observed flux and spectrum. We thus consider the former
option, sources with ε2
p
Q ∼ 0.5 × 1044 erg Mpc−3 yr−1
and in which CRs lose most of their energy to pion pro-
duction, to be more likely.
2.3. Low energies, 10GeV . εp . 100GeV
We estimate the low energy CR production rate in two
different ways. One based on the CR production rate in
starburst galaxies (via both their radio and gamma-ray
emission), and the other based on the CR production
rate in the Milky Way (MW). The starburst/MW CR
production rates are converted to a total production rate
per unit volume in the local universe by assuming that
they are proportional to the star formation rates (see dis-
cussion in section § 3). Although the estimate based on
the MW is less robust, since it is based on a single galaxy
at a particular time and since it is difficult to reliably es-
timate the MW production rate, both estimates agree to
within a factor of a few.
In starburst galaxies, protons of energy< 1 PeV are ex-
pected to lose most of their energy to pion production be-
fore escaping the galaxy, and the secondary e± produced
by charged pion decay emit synchrotron radiation in
the radio band (Loeb & Waxman 2006; Thompson et al.
2007; Lacki et al. 2011). Due to the strong magnetic
fields in starburst galaxies (Thompson et al. 2006), e±
of energy ∼ 1 GeV, produced by ∼ 10 GeV pro-
tons, lose their energy by emitting ∼ 1 GHz radiation
(Loeb & Waxman 2006). Thus, the radio emission of
starburst galaxies provides an estimate of the CR proton
production rate: ε2
p
Q(10GeV) ≈ 12νLν(1GHz)/fsynch,
where 1/4 of the energy of the charged pions, which
carry 2/3 of the proton energy, is deposited in the
electrons and positrons, νsynch ∝ ε
2
e
, and fsynch .
1 is the fraction of the e± radiated in synchrotron
(Loeb & Waxman 2006; Lacki et al. 2011). The radio lu-
minosity of starbursts is linearly (and tightly) correlated
with the FIR (40 − 120µm) luminosity, νLν(1.4GHz) =
1.7 × 10−6L(FIR) (Yun et al. 2001), suggesting that
fsynch is of order unity (e.g. Thompson et al. 2006).
This conclusion is further supported by the compari-
son of the synchrotron and the gamma-ray emission of
M82 and NGC 253, which imply fsynch ∼ 0.2 (assum-
ing that the observed gamma-ray flux is dominated by
pi0 decays Lacki et al. 2011; Thompson & Lacki 2013).
The FIR luminosity is, in turn, related to the SFR by
SFR = 1.7× 10−10[L(8− 1000µm)/L⊙]M⊙/yr, or equiv-
alently L(8 − 1000µm)/SFR = 7 × 1050 erg/M⊙, with
∼ 50% uncertainty (Yun et al. 2001; Kennicutt 1998).
Using L(8 − 1000µm)/L(FIR) ∼ 1.3 (Yun et al. 2001),
we find that
ε2
p
Q(10GeV)/SFR ≈ 4× 1046
(
0.3
fsynch
)
erg/M⊙. (4)
Equivalently, a similar value can be obtained for M82
and NGC 253 by directly comparing their gamma rays to
their FIR luminosities. The ratio of observed gamma-ray
to FIR luminosities of both galaxies is νLν(GeV)/L(8−
1000µm ≈ 1.3e − 5 (Ackermann et al. 2012) leading to
CR efficiencies of ε2
p
Q(10GeV)/SFR ≈ 3 × 1046erg/M⊙,
where we assumed that 1/3 of the energy carried by
10GeV CRs is converted to ∼ GeV γ-rays.
Using the local SFR density, ρ˙SFR(z = 0) ∼
0.015M⊙ yr
−1 Mpc−3 (e.g. Hopkins & Beacom 2006), we
thus find
ε2
p
Q(10GeV) ∼ 0.6× 1045 erg Mpc−3 yr−1. (5)
Note that if CRs are assumed to be produced by SNe,
then eq. (4) and the number of SNe per stellar mass
produced, ∼ 10−2/M⊙, imply ε
2
p
dNp/dεp ∼ 6 × 10
48erg
per SN.
We next estimate the production rate of the same CRs
by relating it to the total estimated production in our
galaxy. Normalizing to the SFR, the production rate of
CRs with energies εp ∼ 10
10 − 1011eV can be estimated
by
ε2
p
Q(10GeV)/SFR ∼
ε2
p
QMW
SFR(MW)
∼ 2×1047erg/M⊙ (6)
or
ε2
p
Q(10GeV) ∼ 3×1045(εp/10 GeV)
−0.25erg Mpc−3 yr−1
(7)
where SFR(MW) ∼ 2M⊙ yr
−1 is the current star for-
mation rate in the Milky Way (e.g. Chomiuk & Povich
42011) and ε2
p
QMW ∼ 4× 10
47(εp/10 GeV)
−0.25 erg yr−1
is the production rate (per log particle energy) of CRs in
our galaxy.
The quoted production rate of our galaxy is estimated
by (e.g. Berezinskii et al. 1990)
ε2
p
QMW ≈cε
2
p
dn/dεpMgas/Xesc
∼4× 1047(εp/10 GeV)
−0.25 erg yr−1 (8)
where Mgas ∼ 10
10M⊙ is the mass of the gas in the
Galaxy (Naab & Ostriker 2006, and references therein),
ε2
p
dn/dεp ≈ 0.12(εp/10 GeV)
−0.75eV cm−3 (9)
is the proton flux at the solar neighborhood (e.g.
Moskalenko et al. 2002) and
Xesc ≈ 8.7
(
εp/Z
10 GeV
)−0.5
g cm−2, (10)
is the average grammage traversed by the CRs which
is deduced from the abundance of spallation sec-
ondaries (mainly from the ratio Boron/Carbon, e.g.
Engelman et al. 1990; Jones et al. 2001; Webber 2003).
Equation (8) is insensitive to the poorly constrained
values of the CR confinement volume and confinement
times. It can be derived directly using the following ar-
gument: The integrated grammage of all CRs (in an in-
finitesimal particle energy interval εp, ε+dεp) over a long
time T (longer than the escape time from the Galaxy)
can be expressed in two ways: (i) The total amount of
particles generated (within the particle energy interval),
TQMW times the average grammage each traversed Xesc
(ii) The instantaneous total rate of grammage being tra-
versed, dn Mgasc, times the total time T , where dn is the
density of CRs within the particle energy interval. By
equating these expressions, TQMWXesc = dn MgascT ,
Eq. (8) is obtained (by dividing by dεp). It is assumed
however that the flux of CRs is roughly uniform through-
out the galactic disk and that the average grammage is
similar to that in the solar neighborhood. If CRs cannot
propagate freely across the Galaxy, this estimate may
have a large error. However, in this latter case, a lo-
cal estimate would be more accurate and yields approx-
imately the same value. Assuming a local gas surface
density of 10M⊙pc
−2 and local SFR of 2M⊙pc
−2Gyr−1
(e.g. Kennicutt & Evans 2012), would result in the same
generation rate per SFR as implied by Eq. (7).
If, as currently widely believed, CRs originate from
SNe, Eq. (7) would require an energy per supernova
(per log particle energy) of ε2
p
Q/n˙SN ∼ 2×10
49erg where
n˙SN ∼ 10
−4Mpc−3 is the rate of supernovae at z = 0
(Horiuchi et al. 2009).
The fact that the CR production estimate based on
the Milky Way and that based on star-burst galaxies
deviate by ∼ 5 should not be surprising given the large
uncertainties in each of these estimates. In particular
the star-formation estimates are uncertain by a factor
of at least 2. We conclude that the current rate of CR
production is of order 1045 erg Mpc−3 yr−1.
2.4. Comparison with earlier work
In (Parizot 2005; Aublin & et al. 2005), the produc-
tion rate of CRs was estimated to be 1000 times higher
than that of UHECRs using the same basic assumption
that other galaxies have acceleration efficiencies which
are similar to ours. This ratio is much higher than the ra-
tio of ∼ 10 we estimated above. After carefully compar-
ing our analysis we found that the main difference is due
to the fact that Parizot (2005); Aublin & et al. (2005) ig-
nored the interactions of the UHECRs with the CMB and
therefore underestimated their production rate. For ex-
ample, in (Aublin & et al. 2005), the effective life time of
UHECRs was estimated to be 25H−10 e
−0.8α ≈ 6×1010yr
which is about 20 times longer than the actual time they
can propagate before losing a significant amount of en-
ergy due to the interaction with the CMB and adiabatic
losses [see Eq. (2)]. In addition, the halo size and escape
time adopted by these authors for estimating the galactic
CR production rate is not compatible with the measured
grammage (a factor of ∼ 4 discrepancy). This last inac-
curacy was partially canceled by their use of an effective
galaxy density of ngal ∼ 3× 10
−3Mpc−3 rather than our
scaling by SFR which is equivalent to an effective galaxy
density of SFR(z = 0)/SFR(MW) ∼ 7.5× 10−3Mpc−3.
3. DISCUSSION
In this letter we showed that the production of low en-
ergy CRs (εp ∼ 10
10eV) in the local universe is ε2
p
Q ∼
1045 erg Mpc−3 yr−1 (Eqs. (5) and (7), with a large un-
certainty) and is not much higher (∼ 10 times higher)
than the lower limit for production of extra-galactic CRs
with intermediate energies (εp ∼ 10
17eV) and ultra-high
energies (εp & 10
19.5eV). It is thus possible that all
CRs are generated in galaxies like our own with an en-
ergy production efficiency which is very slowly declining
across the 10 orders of magnitude of CR energies (see
figure 1).
The similarity between the energy production rates
of CRs throughout the particle energy range 1010eV
to 1019eV, is consistent with a universal CR energy
production rate in galaxies with a CR spectrum of
ε2
p
dn/dεp ∝ ε
−α
p
with α ≈ 2. This power-law slope
is expected for astrophysical sources which acceler-
ate particles in strong collisionless shocks, including
non relativistic (e.g. Krymskii 1977; Axford et al. 1977;
Bell 1978; Blandford & Ostriker 1978) and relativistic
(e.g. Kirk & Schneider 1987; Bednaz & Ostrowski 1998;
Achterberg et al 2001; Keshet & Waxman 2005; Keshet
2006; Katz et al., 2007; Spitkovsky 2008) shocks, and is
found in supernovae (e.g. Reynolds& Ellison 1992) and
γ-ray bursts (e.g. Waxman 1997).
If CRs are produced with the suggested spectrum in
galaxies like our own, including our own, the generation
spectrum at high energy, εp & 10
17eV, within our galaxy
should be
ε2
p
QMW ∼ 10
46erg yr−1 (11)
and would imply an averaged local energy density of at
least ε2
p
n & ε2
p
QMW/(AMWc) ∼ 2 × 10
−17ergs cm−3,
where AMW ∼ 1000kpc
2 is the area of the Galaxy. This
energy density is much higher than the observed en-
ergy density above the knee. This apparent discrep-
ancy can be reconciled only if the sources are transient
(Loeb & Waxman 2002), and the flux we are currently
observing is low compared to the averaged flux.
5While the (very rough) apparent similarity of produc-
tion rates at low, intermediate and ultra-high energies
may well be a coincidence, the most exciting possibility
is that there is one type of such transient sources that
emits the CRs at all observed energies (Parizot 2005;
Aublin & et al. 2005). In this case, the rate of occur-
rence of these sources and their energy output is con-
strained by the observed CR spectrum. Their energy
output should explain that of the Milky Way implying
N˙MWECR ∼ 10
48erg yr−1 [see Eq. (8)], while their rate
should be lower than the CR confinement region’s light
crossing time to allow the dim state observed at the
energies above the knee (Loeb & Waxman 2002). The
scale height of the CR confinement region at very high
energies is unknown and can be anywhere between the
disk scale height ∼ 300pc and the size of the Galaxy
∼ 10kpc. These two limits imply very different (maxi-
mal) event rates of (1000yr)−1 and (3×104yr)−1 in the lo-
cal 300pc region or the entire galaxy respectively. These
rates imply in turn a wide range of allowable values for
the CR energy release per event of ECR & 10
47erg and
ECR & 3 × 10
52erg. The range of allowable energy out-
puts may be reduced by reducing the uncertainty in the
CR disk scale height.
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